a b s t r a c t TERA Foundation has proposed and designed hadrontherapy facilities based on novel linacs, i.e. high gradient linacs which accelerate either protons or light ions. The overall length of the linac, and therefore its cost, is almost inversely proportional to the average accelerating gradient. With the scope of studying the limiting factors for high gradient operation and to optimize the linac design, TERA, in collaboration with the CLIC Structure Development Group, has conducted a series of high gradient experiments. The main goals were to study the high gradient behavior and to evaluate the maximum gradient reached in 3 and 5.7 GHz structures to direct the design of medical accelerators based on high gradient linacs. This paper summarizes the results of the high power tests of 3.0 and 5.7 GHz single-cell cavities.
Introduction
The use of protons and light ions for the treatment of deep-seated solid tumors is spreading worldwide [1] . The field of hadrontherapy would benefit greatly from compact, efficient accelerators that make the setup and operation of a hadrontherapy facility more affordable. In this regard, high-gradient RF technology has the potential of providing more compact and efficient machines.
TERA Foundation has proposed and designed hadrontherapy facilities based on high-frequency linacs [2, 3] and has developed acceleration scheme that combines a cyclotron used as injector with a high-gradient linac used as booster [4, 5] . The largest contribution to the size of such systems comes from the last linac section. For example, 15-20 m-long linacs are typically needed for accelerating protons between 30 and 230 MeV, while a linac for carbon ions would be more than double in length. High accelerating gradients can be used in order to make the linac more compact and less expensive. However, such high gradients will result in large peak surface fields, thus increasing the probability of vacuum arcs or ''breakdowns''.
Breakdowns lead to random beam kicks that can result in emittance growth or even loss of the beam if the kick is strong enough. When applying the spot scanning technique to the dose delivery, beam losses lead to unacceptable ''cold spots'' in the dose distribution [6] . A high Break-Down Rate (BDR) (that is the fraction of the RF pulses in which 430 MeV/u. This corresponds to a relativistic beta in the range 0.4-0.7. The most efficient and stable linac option for such range of energies is the so-called Cell Coupled Linac (CCL) structure in the form of a side coupled linac [9] .
A CCL structure consists of a bi-periodic array of RF cells coupled together. Accelerating cells are placed on-axis and provide the longitudinal electric field needed for acceleration of the beam. Coupling cells are off-axis and are used to couple the electro-magnetic field between accelerating cells. A CCL structure works in the /2 mode, which is the most stable mode with respect to frequency errors; on the other hand, the beam just sees a phase advance of 180 • between the centers of two successive accelerating gaps. This feature allows optimizing the accelerating cells to maximize their shunt impedance and achieve higher acceleration efficiency than a Drift Tube Linac (DTL).
Two test prototypes, having similar layouts, have been designed and built to test their high gradient limitations: one operating at 3 GHz (Sband) and the other at 5.7 GHz (C-band).
A prototype consists of a single-cell cavity operating in the TM 010 mode. The cavity is fed by a waveguide through a coupling slot opened on the rim of the cell. The main scope of the tests is to achieve the highest possible field inside the structure with the available RF power supplies. The simple layout of the test prototypes was chosen to satisfy this purpose.
The inner geometry of the single cell is the same as the one for the accelerating cells of one of the linacs designed by the TERA Foundation. The cell geometry was designed to maximize the shunt impedance. As the shunt impedance decreases with the bore hole aperture, the bore hole aperture was chosen taking as a reference proposed linac designs [2, 3] . The cell geometry is shown schematically in Fig. 1 . The length of the S-band test prototypes was chosen to be equivalent to a cell with a synchronous beta of 0.378 (or equivalently for proton at 75 MeV). The C-band test prototype had a similar length, but given the frequency ratio, the synchronous beta was 0.716 (or equivalently for fully stripped carbon ions at 405 MeV/u). The two protrusions close to the axis, called ''nose cones'' or just ''noses'', have the purpose of enhancing the field along the axis and thus increasing the transit time factor. The presence of such noses is a specific feature of low and medium beta accelerating copper structures.
Both test prototypes are made of UNS (Unified Numbering System) C10100 Oxygen-Free Electronic (OFE) copper alloy. The cavities were produced by VECA (Italy). The surface arithmetical-mean roughness (Ra) requested for manufacturing was 0.4 μm. The machining tolerance band was 20 μm for the 3.0 GHz cavity and 10 μm for the 5.7 GHz cavity. The two cavities were cleaned (degreasing, pickling and passivation) at CERN (Switzerland) and vacuum brazed at Bodycote (France). The test cavities were equipped with cooling channels in order to dissipate the RF power and to stabilize the cavity temperature during operation. The 3.0 GHz cavity was tuned by deforming the nose region from the outside on both sides of the bore hole with a bar clamp. By reducing the gap length, or distance between the noses, the resonant frequency of the cavity decreased. The tuning of the 5.7 GHz test cavity was performed in successive steps by reducing the height of the tuning rings of the cell. The design, fabrication and low power RF measurements of the test cavities are fully described in [10, 11] . Fig. 2 shows the distribution of the electric, magnetic and modified Poynting vector fields in the cell volumes of the 3.0 and 5.7 GHz test cavities. The modified Poynting vector , introduced in Ref. [7] , is defined by the equation:
where = 1∕6 and is the ''classic'' Poynting vector. The peak value of electric, magnetic fields and modified Poynting vector -respectively, , and c, , -are all located on the cell noses.
The quantities ∕ 0 , ∕ 0 and ( , )∕ 0 describing the ratio between the peak surface fields and the average axial electric field 0 , were computed with HFSS simulations. Their values are listed in Table 1 , together with other relevant geometric and electro-magnetic quantities.
High power test setup
The 3 GHz prototype tests were conducted at the CERN CLIC Test Facility (CTF3). The test setup is shown in Fig. 3 .
The S-band structure was connected, through a WR284 waveguide network, to a 35 MW peak-power klystron. A bi-directional coupler installed before the structure allowed measuring forward and reflected power signals. The beam line on one side of the cavity was connected to few diagnostics elements: a Faraday cup (to measure the field emitted current), and a photomultiplier (to detect light sparks during breakdown events). Breakdown detection was automatic, based on the detection of a peak in the reflected signals and of current bursts measured with the Faraday cup (see Section 4).
The 5.7 GHz cavity test was conducted at the test facility of A.D.A.M. SA at CERN. The cavity was fed by a 2.5 MW magnetron (Fig. 4) . A 2.5 m-long WR187 waveguide network connected magnetron and cavity. The RF line included a circulator to revert the possible reflected power away from the magnetron. The cavity vacuum was isolated by a commercial RF window. Forward and reflected power signals were extracted from a directional coupler installed 0.5 m upstream of the cavity. A Faraday cup and a photomultiplier were used to identify breakdowns.
Measurements and results of the high-power tests
The two structures were conditioned for few days according to a specified procedure: the pulse length was increased step by step at low power level and then the power was ramped up to the maximum value. This is the same approach used for the conditioning of CLIC accelerating structure as described in [12] . Breakdowns were identified both from the sudden increase in reflected power within the same RF pulse and discussion and presentation of the data collected during the tests can be found in [11, 13] .
A summary of the history of the breakdown measurements is presented in Table 2 . The number of pulses used to accomplish the conditioning (R2) of the C-band cavity was smaller than for the S-band cavity. Due to the smaller bore hole aperture radius (1.5 mm compared to 3.5 mm), the surface of the nose cones -calculated from the 3D model as the area with a slope and the two rounding angles -of the C-band cavity is smaller with respect to the S-band cavity (R4), that is, the Cband cavity has a smaller surface where breakdown nucleation sites can be found. If this difference is taken into account, the results collected in Table 2 indicate that the breakdown obtained during conditioning and evaluated per unit surface (R5) was comparable in the two tests.
The breakdown rate BDR is the magnitude that quantifies the number of breakdowns observed during the operation of an RF structure, where is the number of RF pulses sent to the structure during the measurement. The BDR is measured in ''breakdown per pulse'' (bpp). Sometimes it can be useful to evaluate the ''BDR per unit length'' (measured in bpp/m), which is obtained by normalizing the BDR to the cell length .
The BDR measurements were performed during the last days of each one of the two tests. These measurements were performed at fixed pulse length and different power level, in order to obtain the dependence of BDR on the maximum surface field achieved in the cavity. Fig. 6 shows a summary of the two sets of measurements performed with a RF pulse duration equal to 2.1 us and 1.7 us respectively for the S-band and C-band cavities.
No pick-ups were used to directly measure the field inside the cavity in order to avoid possible breakdown enhancements. The peak surface field excited in the cavities was calculated from the input power sent to the cavity using simulation results from HFSS (Table 1) . The calibration of the RF circuit led to an uncertainty in the power value of about 10%. Thus in Fig. 6 a 5% error is assigned to the surface electric field. The uncertainty on the BDR takes into account the statistical error associated with the breakdown event counts, which was assumed to follow a Poisson distribution. The uncertainty is thus given by the square root of the measured number of events.
No breakdown event was detected during the time allocated for the lowest field measurements for both 3 GHz and 5.7 GHz cavities (respectively 19.1 and 3.8 million pulses). The BDR values reported for the lowest field correspond to one event.
The results of another set of measurements, performed at fixed value of the surface electric field and for different values of the pulse length, are shown in Fig. 7 . The surface electric fields were 400 MV/m and 320 MV/m at 3 GHz and 5.7 GHz respectively.
Analysis and discussion
Previous results of extensive experimental data collected at 11.4 and 30.0 GHz showed that BDR, peak surface electric field and RF pulse width or pulse length are linked through a scaling law of the type [7] :
Other quantities, apart from the peak surface field , have also been considered related to RF breakdowns and BDR. In particular the peak surface magnetic field , the peak modified Poynting vector , and the temperature increase due to pulsed surface heating .ℎ. [14] . Fig. 8 shows the fit of the scaling law in Eq. (3) to the measured data points for constant pulse length.
The dependence of BDR on the electric field, according to the power law in Eq. (3), gives a large exponent for the C-band structure, equal to 35 ± 11. Such large uncertainty has to be attributed to the small range of fields that could be tested as consequence of the limited test time. At 3 GHz the error is much smaller: 16 ± 5.
These results are listed in the second and third column of Table 3 , together with the parameters y which quantifies the dependence on the duration of the RF pulse. The corresponding uncertainty was estimated as follows. For each data point a set of ten thousand values was generated randomly starting from a normal distribution with mean equal to the average value of the data point and standard deviation equal to the estimated BDR error for that data point. For each of the ten thousand sets a fit was obtained. The standard deviation of the set of fit parameters is taken as error on the mean fit parameter.
The last column of Table 3 indicates the average values measured on tests performed at 11.4, 12.0 and 30.0 GHz reported in [7, 15] and reference therein.
It is seen that the parameters y and x do not vary, within large errors, between 5.7 and 30 GHz, while they are about twice smaller at 3 GHz.
Unfortunately, only few data of high gradient experiments at 3.0 GHz are available, so it is difficult to compare the S-band test results with former studies. Most 3 GHz structures are RF guns where cathode surface fields in the order of 140 MV/m are typically reached with very low breakdown rate (less than 10 −8 bpp) [16] values which are compatible with an extrapolation of the red line of Fig. 8 .
The power law found for the C-band test can be compared instead with the high gradient test of the Frascati C-band TW structure for the SPARC project [11] . The fit of the type BDR ∼ to the data points measured during that test gave as result a value of = 35 ± 5, in agreement with the data listed in Table 3 . Fig. 9 . BDR with respect to average axial field at different frequencies rescaled to pulse length of 2 us.
Implications for medical hadron linacs
Which are the implications of these results for medical hadron linacs? A BDR value of 2⋅ 10 −6 bpp/m can be considered here as a limit for ensuring reliable operation because, for a 20 m-long linac working at 200 Hz, it corresponds to a mean time between BD larger than 120 s, which is the typical delivery time of a fraction in proton therapy treatment. As seen in Fig. 8 , the maximum surface field to achieve a BDR of 2⋅ 10 −6 bpp/m can be obtained by extrapolating the data with the two fits. The BDR limit of 2⋅ 10 −6 bpp/m is reached for surface fields larger than 250 MV/m at 3 GHz and 260 MV/m at 5.7 GHz. For the two prototypes and the typical CCL structures designed by the TERA Foundation, they correspond to average maximum gradients equal to 38 MV/m and 56 MV/m respectively. The peak electric surface field was not taken into account when optimizing the geometry of the Sband cavity. This could be done in further developments when very high gradients are desired at the expense of an increased power consumption.
Comparison of BDR measurements at different frequencies
Eq. (3) can be used to scale the results of BDR measurements to a reference electromagnetic quantity and to a reference pulse length. This has been done to compare the BDR measurements for the Sband and C-band tests to the results of a 11.4 GHz single-cell standing wave structure tested in SLAC [17] . Fig. 9 shows the BDR measured at different frequencies as a function of the average axial electric field 0 and scaled to a pulse length of 2.0 us. Higher accelerating fields are achievable at higher frequencies, but in this case, it is important to remember that the geometries considered are different and the results could be biased by the fact that the synchronous beta is different in the three cases (i.e. 0.378, 0.716 and 1.0 for the S-band, C-band and X-band respectively) and increasing with frequency.
The four plots of Fig. 10 show the measured BDR as a function of peak surface electric field (top left), peak surface magnetic field (top right), peak modified Poynting vector (bottom left) and temperature increase due to pulsed surface heating .ℎ. (bottom right) for the three considered frequencies (red: 3 GHz, blue: 5.7 GHz and green: 11.4 GHz). All BDR measurements are scaled to a reference pulse length of 2 us using the pulse length dependence expressed in Table 3 . The value of appearing in the definition of the Poynting vector, was assumed to be frequency-independent and equal to 1/6.
The modified Poynting vector is the quantity for which the spread of the data is minimum, meaning that the model behind it describes much better than the others the BDR limit in the large frequency range that goes from 3 to 30 GHz.
Table 3
Summary of the results of BD at different frequencies. S-band and C-band results were measured during the tests described in this paper, X-and K-band results are extracted from literature. Fig. 10 . Results of BDR measurements at different frequencies rescaled to the same pulse length of 2.0 us and with respect to several field quantities that can be responsible for breakdown effects, like peak surface electric field (top left), peak surface magnetic field (top right), peak modified Poynting vector c (bottom left) and temperature increase due to pulsed surface heating p.h. (bottom right). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Conclusions
Accelerating gradients used in normal conducting electron linacs are typically around 15 MV/m. The extensive set of BDR measurements, performed on high frequency medium-beta structures (3.0 and 5.7 GHz) and described in this paper, aimed at determining the largest accelerating gradients that can be reliably obtained in high frequency copper structures for protons and light ions, thus allowing to reduce size and cost of hadron therapy linacs.
The tests performed by TERA indicate that linacs for hadron therapy working at S-band and C-band can be operated at surface electric fields of about 250 MV/m with a BDR smaller than 2 ⋅ 10 −6 bpp/m (equivalent to less than one breakdown per treatment session in a 20 meter-long linac working at 200 Hz). This limit corresponds to maximum gradients of 38 MV/m at 3.0 GHz and 56 MV/m at 5.7 GHz for the presented cavity geometries (with peak electric surface field to gradient ratios of 6.5 and 4.6 respectively).
Based on these results, a traveling wave linac structure at 3.0 GHz has been designed and built to test the possibility to achieve even higher gradients with optimized shape of the ''noses'' [18] . Furthermore, an optimized design at 9.3 GHz can also be envisaged, in order to understand whether increasing the frequency could allow for even higher accelerating gradients.
By comparing the results of the tests with higher frequency literature data it has been concluded that the modified Poynting vector model of Ref. [7] describes the BDR behavior of high gradient structures in a large range of frequency, from 3 to 30 GHz.
